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Beyond their metabolic roles, sugars can also act as messengers in signal transduction.
Trehalose, a sugar found in many species of plants and animals, is a non-reducing disac-
charide composed of two glucose moieties. Its synthesis in plants is a two-step process,
involvingtheproductionoftrehalose-6-phosphate(T6P)catalyzedbytrehalose-6-phosphate
synthase (TPS) and its consecutive dephosphorylation to trehalose, catalyzed by trehalose-
6-phosphate phosphatase (TPP). T6P has recently emerged as an important signaling
metabolite, regulating carbon assimilation and sugar status in plants. In addition,T6P has
also been demonstrated to play an essential role in plant development.This review recapit-
ulates the recent advances we have made in understanding the role ofT6P in coordinating
diverse metabolic and developmental processes.
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INTRODUCTION
Plants convert assimilated carbon into a range of monosaccharide
sugars,manyofwhichserveasprecursorsforthesynthesisofmore
complexoligo-andpolysaccharides.Thesecomplexcarbohydrates
fulﬁll very diverse functions in plants and are, for example, used
as long-term energy storage or constitute important structural
components of plant cells.
In addition to their metabolic and structural roles, carbohy-
drates can also inﬂuence plant growth and development by acting
aselicitorsorgrowthregulators(CreelmanandMullet,1997).The
regulation of plant development by carbohydrates has attracted a
lot of interest over the last few years and several signaling path-
waysthatintegratesugarresponseshavebeenidentiﬁed.Onesuch
pathway involves the synthesis, perception, and response to the
non-reducingdisaccharidetrehaloseanditsprecursortrehalose-6-
phosphate(T6P).Trehaloseiswidelydistributedinactinomycetes,
fungi, insects, and other invertebrates (Veluthambi et al., 1981;
Elbein et al., 2003), where it reduces protein aggregation during
stress conditions (Jain and Roy, 2010). However, the majority of
land plants contain only low quantities of trehalose, making its
roleinstressprotectionseemunlikely(Zentellaetal.,1999;Avonce
etal.,2006;Fernandezetal.,2010).Exceptionstothisruleare“res-
urrection”plants, in which trehalose is found at higher quantities
and has an apparent function in protecting the plants against abi-
otic stresses by preventing the denaturation of cellular proteins
(Márquez-Escalante et al., 2006).
The biosynthesis of trehalose in plants involves the genera-
tion of trehalose-6-phosphate (T6P) from glucose-6-phosphate
and UDP-glucose by trehalose-6-phosphate synthase (TPS),
and the subsequent dephosphorylation of T6P to trehalose by
trehalose-6-phosphatephosphatase(TPP;CabibandLeloir,1958).
The A. thaliana genome contains 11 TPS (AtTPS1–11) genes and
10 TPP (AtTPPA–J) genes (Table 1; Leyman et al., 2001). The
AtTPS proteins carry both TPS- and TPP-like domains and have
beenclassiﬁedintotwodistinctsubfamiliesbasedontheirhomol-
ogy with the yeast (Saccharomyces cerevisiae) ScTPS. AtTPS1 to
AtTPS4, which constitute the class I subfamily of TPSs, show the
highest overall similarity to ScTPS1 and in them, the TPP-like
domain is only weakly conserved. AtTPS1 differs from the other
class I TPSs in that it contains an auto-inhibitory N-terminal
extension that restricts its activity in vivo (Van Dijck et al., 2002).
The class II subfamily TPSs (AtTPS5 to AtTPS11) display more
similarity to ScTPS2 and contain conserved TPP motifs.
AmongtheArabidopsisTPSs,onlyTPS1showsademonstrable
TPS activity (Blázquez et al., 1998). However, two active isoforms
of TPS1, OsTPS1a, and OsTPS1b, have been identiﬁed in rice
(Zang et al., 2011). Other TPSs including class II TPSs lack both
TPS and TPP activities (Vogel et al., 2001; Harthill et al., 2006;
Ramon et al., 2009). AtTPS1 expression has been detected by
qRT-PCR in ﬂower buds, ripening siliques, small rosette leaves,
and in embryos using a TPS1-GUS reporter (van Dijken et al.,
2004; Gómez et al., 2010). However, since this reporter mostly
comprises the ﬁrst intron, which is located in the 5 untrans-
lated region of TPS1, these results need to be veriﬁed. Similar to
TPS1,classIITPSsareexpressedwidelythroughouttheplant(Paul
et al., 2008; Ramon et al., 2009). In contrast, the other class I TPS
genes, AtTPS2–4, have been reported to be speciﬁcally expressed
in siliques and seeds (Paul et al.,2008).
All TPPs lack the N-terminal TPS-like domain found in the
TPS proteins and contain only the conserved TPP domain, which
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Table 1 | Genes involved in trehalose metabolism inArabidopsis
thaliana.
Class Gene name AGI number
Class ITPSs TPS1 At1g78580
TPS2 At1g16980
TPS3 At1g17000
TPS4 At4g27550
Class IITPSs TPS5 At4g17770
TPS6 At1g68020
TPS7 At1g06410
TPS8 At1g70290
TPS9 At1g23870
TPS10 At1g60140
TPS11 At2g18700
Class ITPPs TPP1/TPPC At1g22210
TPP2/TPPD At1g35910
TPP3/TPPB At1g78090
TPP4/TPPE At2g22190
TPP5/TPPF At4g12430
TPP6/TPPG At4g22590
TPP7/TPPH At4g39770
Class IITPPs TPP8/TPPI At5g10100
TPP9/TPPA At5g51460
TPP10/TPPJ At5g65140
Trehalase TRE1 At4g24040
ArabidopsisTPP genes have been named AtTPPA–J by Leyman et al. (2001) and
TPP1–10 by Paul et al. (2008), and both forms of nomenclature are used in the
literature.
shows signiﬁcant similarity to the highly conserved phosphatase
boxintheC-terminalpartof ScTPS2(Lunn,2007b).Outof the10
TPPs inArabidopsis,AtTPPA andAtTPPB geneshavebeenshown
to complement yeast TPP mutant (tps2) and thus encode active
TPPenzymes(Vogeletal.,1998).WhethertheotherTPPsareenzy-
matically active, remains to be determined. Outside Arabidopsis,
TPP2a from rice (Habibur Rahman Pramanik and Imai, 2005;
Shima et al., 2007) and RAMOSA3 of maize (Satoh-Nagasawa
etal.,2006)havebeenshowntoencodeactiveTPPs.Incontrastto
the TPS and TPP gene families, trehalase, which cleaves trehalose
intotwoglucosemolecules,appearstobeencodedbyasinglegene
(AtTRE1; Leyman et al.,2001; Lunn, 2007b).
T6P IN PLANT CARBOHYDRATE METABOLISM
Sugars,including trehalose and,more importantly,T6P have been
proposedtoactassignalingmoleculesthatmodulatemanyimpor-
tant metabolic and developmental processes in plants (reviewed
in Paul et al.,2008) and there is growing evidence that T6P plays a
central role in regulating carbohydrate metabolism (Figure 1).
More speciﬁcally, T6P has been shown to regulate sucrose uti-
lization in plants. Transgenic Arabidopsis lines expressing E. coli
TPS (otsA)o rTPP (otsB) genes displayed differences in T6P
accumulation and responded differently to exogenous sucrose.
In general, the ability of these plants to utilize sucrose, increased
withrisingconcentrationof T6P(Schluepmannetal.,2004).Con-
versely it was found that the amount of T6P strongly corresponds
to sucrose availability in Arabidopsis wild-type plants. Lunn
et al. (2006) showed that sucrose feeding rapidly induced T6P in
carbon-starved seedlings. The rapid increase of T6P in response
to exogenous sucrose may be due to an increase in the amount of
available glucose-6-phosphate (G6P) and UDP-glucose (UDPG),
which have been shown to be important in determining plant
growth and biomass accumulation (Meyer et al.,2007). Thus T6P
indirectlyreﬂectssucroseconcentrationsandhasnowbeenwidely
accepted as an indicator of sucrose status in plants (Lunn et al.,
2006; reviewed in Paul et al.,2008).
The importance of T6P was also made apparent inArabidopsis
and tobacco plants over-expressing E. coli TPS (otsA) and E. coli
TPP (otsB; Schluepmann et al., 2003; Pellny et al., 2004). Inter-
estingly, the tobacco plants over-expressing otsA exhibited large
increase in photosynthetic capacity per unit leaf area and dry
weight. This boost in photosynthetic capacity was shown to be in
part as a result of increased expression of ABI4,a known regulator
of RuBisCo genes (Acevedo-Hernández et al., 2005). An opposite
effect was observed in E. coli TPP (otsB) over-expressing plants
(Pellny et al., 2004). The observed changes in the photosynthetic
capacity in plants with altered T6P levels reﬂect the combined
effects of T6P on leaf development, in particular on cell division
and cell wall biosynthesis, and a more direct effect on the reg-
ulation of factors involved in regulating photosynthesis such as
ABI4. However, the details of how T6P imparts such a dramatic
regulation in photosynthesis are not yet fully understood.
Trehalose-6-phosphate has also been shown to regulate starch
metabolism in plants. In Arabidopsis, exogenous application of
trehalose induces accumulation of starch by increasing the activ-
ity of ADP-glucose pyrophosphorylase (AGPase),a major enzyme
controlling starch synthesis (Wingler et al.,2000). It has also been
shown that T6P, synthesized by TPS1, which has been predicted
to be mainly localized in the cytoplasm, promotes AGPase acti-
vation in chloroplasts via a thioredoxin-mediated redox reaction
(Kolbe et al., 2005). Rising sucrose levels, which are accompanied
by an increase in the level of T6P, also resulted in increased starch
synthesis via AGPase activation (Lunn et al., 2006). As AGPase is
localizedinchloroplasts,T6PmediatedAGPaseactivationsuggests
alinkbetweencytosoliccarbonstatusandplastidicstarchstorage.
Accumulationof sucroseintheleaf hasbeenshowntoincreasethe
T6P content, leading to activation of AGPase in the chloroplasts,
withoutapparentchangeintherateof photosynthesis.Inthisway,
T6P might act as a signal between the cytosol and the chloroplast
(Lunn, 2007a). Whether T6P is transported into the chloroplast
remains to be determined.
Apart from its role in regulating starch metabolism, T6P has
recently been shown to inhibit the sucrose non-fermenting 1-
related protein kinase1 (SnRK1) complex of the SNF-1-related
group of protein kinases in Arabidopsis (Zhang et al., 2009),
which acts as a metabolite sensor to constantly adapt metabolism
to the supply and demand of energy (Polge and Thomas, 2007).
More recently, inhibition of SnRK1 by T6P has also been demon-
strated in a transgenic sugarcane suspension cell line expressing a
vacuole-targetedsucroseisomerase(WuandBirch,2010),inwheat
grainextracts(Martínez-Barajasetal.,2011),andinpotatotubers
(Debast et al., 2011). SnRK1 is a hetero-trimeric protein complex
composed of an AKIN10 or AKIN11 catalytic α-subunit, β-, and
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FIGURE 1 |Trehalose biosynthesis and its role in carbohydrate
metabolism.Trehalose-6-phosphate (T6P) is synthesized from UDP-glucose
(UDPG) and glucose-6-P (G6P) by the activity of trehalose-6-phosphate
synthase (TPS) and subsequently converted to trehalose by
trehalose-6-phosphate phosphatase (TPP). trehalase1 (TRE1) hydrolyzes
trehalose into two molecules of glucose.T6P plays a central role in regulating
sugar metabolism in plants.The precursors ofT6P are derived from the
sucrose metabolism. It has been suggested thatT6P is transported by an
unknown mechanism into plastids where it induces starch synthesis via
thioredoxin-mediated activation of AGPase.T6P might be converted into
trehalose, which has been shown to regulate starch breakdown in plastids.
SeveralTPPs (marked with an asterisk) have been predicted to localize to
plastids, but this still needs to be conﬁrmed experimentally. SnRK1, which
represses plant growth, is inhibited byT6P . A regulatory loop, which involves
T6P , SnRK1, and bZIP11, and that is thought to control sucrose availability and
utilization, has been proposed.
γ-subunits,which together form the active kinase complex (Polge
and Thomas, 2007). Over-expression of SnRK1, promotes plant
survival under low light and starvation conditions, in additions
to altering inﬂorescence development and delaying senescence.
In contrast, akin10 akin11 virus-induced gene silencing double
mutant plants showed growth arrest coupled with premature
senescence. The AKIN10/AKIN11 signaling cascade seems to be
crucial for plant survival under stress, e.g., darkness and sugar
deprivation (Baena-González et al., 2007). Microarray analysis
showed that most of the up-regulated genes in E. coli TPS (otsA)
over-expressing plants were down-regulated in AKIN10 over-
expressors (Zhang et al., 2009). In addition, SnRK1 has also been
implicated in sugar and ABA signaling pathways in an indepen-
dent study (Jossier et al.,2009). Importantly,the effects on SnRK1
activity seem to be speciﬁc to T6P, as none of the other tested
sugars or sugar phosphates inhibited SnRK1 (Zhang et al., 2009).
Taken together, these experiments provide strong evidence that
T6P inhibits SnRK1 to activate biosynthetic processes in growing
tissues. These results suggest a regulatory loop in which sucrose-
induced T6P inhibits SnRK1 when sucrose is plentiful. When the
sucrose content decreases, with T6P decreasing as well, SnRK1 is
released from repression, which leads to the induction of genes
involved in photosynthesis related processes, so that more carbon
is made available to the growing cells,to replenish a carbon deﬁcit
(Delatte et al.,2011).
MorerecentlytheArabidopsisbasicregionleucinezippertran-
scriptionfactor11(bZIP11)hasbeenimplicatedinT6Psignaling.
In particular, over-expression of bZIP11, which is repressed by
sucrose through a translational inhibition mechanism (Hanson
et al., 2008), has been shown to result in reduced T6P levels
(Ma et al., 2011). bZIP11 over-expressing plants also exhibited
resistance to exogenously applied trehalose and accumulation of
T6P,with concomitant reduction of SnRK1 activity (Delatte et al.,
2011).TheauthorsproposethatbZIP11actsasapowerfulregula-
torof carbohydratemetabolismandispartof agrowthregulatory
network that includes T6P and the SnRK1 (Delatte et al.,2011).
The importance of T6P in metabolic processes has also been
recently demonstrated in potato, where T6P has been shown to
inﬂuence tuber growth (Debast et al., 2011). Transgenic potato
lines over-expressing E.coli TPS (otsA) displayed reduced starch
content, decreased amounts of ATP coupled with an increased
respiration rate (indicating high metabolic activity), and delayed
sprouting. Conversely, lines that over-expressed the E. coli TPP
geneotsB,displayedsigniﬁcantlyreducedT6Plevels,andaccumu-
lated soluble carbohydrates, hexose-phosphates, and ATP. These
plants no longer displayed any changes in starch content or early
sprouting (Debast et al., 2011). Taken together, these results indi-
cate that T6P functions as a key regulator of plant growth in
responsetoenvironmentalstimulibyregulatingthecentralcarbon
metabolism.
T6P IN PLANT DEVELOPMENT
Apart from its role in regulating carbohydrate metabolism, T6P
has also been shown to be important for normal plant develop-
ment. This was ﬁrst noticed in plants over-expressing trehalose
biosynthesisgenes,whichdisplayedawiderangeofdevelopmental
www.frontiersin.org November 2011 | Volume 2 | Article 70 | 3Ponnu et al. Trehalose-6-phosphate signaling
defects. In addition, tps1 loss of function mutations in Arabidop-
sis demonstrated that TPS1 was required for successful embryo
maturation. Homozygous tps1 mutant embryos were shown to
initially develop normally, but further development was found to
be progressively retarded,and eventually stalled completely at tor-
pedo stage,when cell expansion and storage reserve accumulation
occurs(Eastmondetal.,2002).Laterstudiesrevealedthatcellcycle
activity was perturbed in maturing mutant embryos and that the
cell walls of these embryos were thicker than those of wild-type
embryos (Gómez et al., 2006). Taken together these results indi-
cate that T6P plays an important role in orchestrating cell cycle
activityandcellwallbiosynthesiswithcellularmetabolismduring
embryo development (Gómez et al.,2006).
The function of TPS1 in regulating plant development is,how-
ever, not limited to embryogenesis. When embryo-lethal tps1
mutantplantswererescuedbydexamethasone-inducibletransient
expression of AtTPS1 during embryo maturation, the resulting
plants showed phenotypic abnormalities throughout vegetative
growthandﬂoraltransition(vanDijkenetal.,2004).Inparticular,
the rescued plants exhibited delayed germination, slow develop-
ment, perturbed root growth, and a stunted stature. In addition,
the plants displayed reduced apical dominance and aerial rosettes
evenunderlongdayconditions.Theabnormalgrowthpatternsin
rescued tps1 mutants, which can be almost recovered by inducing
expressionofTPS1,clearlyshowtheroleof T6Pinplantvegetative
growth and development in Arabidopsis. In a more recent study,
expressionofTPS1fromtheseed-speciﬁcABI3promoterwasused
to rescue tps1 embryo-lethal phenotype (Gómez et al.,2010). The
rescued plants displayed a severe growth arrest, accumulated sol-
uble sugars and starch and resulted in up-regulation of several
genes involved in ABA signaling. In addition, non-embryo-lethal
weak alleles of tps1 isolated from a TILLING population showed
reduced growth and delayed ﬂowering when compared to wild-
typeplants.TheseplantswerealsofoundtobeABAhypersensitive,
and accordingly displayed reduced stomatal aperture size (Gómez
et al., 2010). Taken together, these results suggest that T6P might
actthroughamechanisminvolvingABAandsugarmetabolismto
coordinate embryo maturation and vegetative growth.
Later in development, TPS1 is required for the timely induc-
tion of ﬂowering. This was ﬁrst demonstrated in tps1 mutant
plants that had been rescued through embryogenesis by means
of dexamethasone-inducible TPS1 expression (van Dijken et al.,
2004).Interestingly,theseplantscompletelyfailedtoﬂower,unless
TPS1 expression was induced (Figure 2). Delayed ﬂowering has
also been observed in non-embryo-lethal weak alleles of tps1 iso-
lated from a TILLING population (Gómez et al.,2010). Induction
of ﬂowering is known to be associated with starch mobiliza-
tion, a transient increase in leaf carbohydrates and ﬁnally the
export of sugars to the shoot apical meristem, suggesting that
phloem-mobile carbohydrates are a critical factor in controlling
the transition to ﬂowering (Corbesier et al., 1998, 2002). The
ﬁnding that exogenous supply of sucrose is sufﬁcient to promote
morphogenesis and ﬂowering in Arabidopsis in the dark further
emphasizestheimportanceof carbohydratesinﬂowering(Roldán
et al., 1999). In addition, supplementation with 1% exogenous
sucrose was shown to rescue the late ﬂowering phenotype of sev-
eral ﬂowering time mutants (Roldán et al., 1999). The molecular
FIGURE 2 | Plants defective in trehalose-6-phosphate synthesis are late
ﬂowering. Depicted are wild-type (Col-0) plants and homozygous tps1
mutants that carry a chemically inducibleTPS1 rescue construct
(GVG::TPS1), which ﬂower late when compared to wild-type control. Plants
were grown under long day photoperiod at 23˚C and the images were taken
on 20 and 50days after sowing, for wild-type and homozygous tps1
mutant, respectively.
mechanisms by which sugars control the transition to ﬂowering
are largely unknown. However, it seems likely that T6P as a signal
of sucrose status plays an important role in ﬂoral transition.
TPS1isnottheonlyArabidopsisTPS geneforwhichafunction
inplantdevelopmenthasbeenreported.Thecellshapephenotype-
1 (csp-1) mutant, which has been mapped to a point mutation
in AtTPS6, a class II TPS gene, displayed an absence of lobes in
pavementcells,reducedtrichomebranching,alteredleaf serration
and stem branching, and increased stomatal density (Chary et al.,
2008). However, since none of these alterations except for the cell
shape defects could be observed in a TPS6 T-DNA insertion line
(Chary et al., 2008),these ﬁndings need to be conﬁrmed.
Finally, T6P metabolism has also been implicated in regulat-
ing inﬂorescence architecture or branching. The evidence for this
largely comes from the ramosa3 (ra3) mutant in maize. In ra3
plants the inﬂorescence branching pattern is disturbed. The tassel
or the male inﬂorescence of wild-type maize plants has elongated
branchesatthebaseandalsopossessesacentralspikeconsistingof
short branches with spikelet pairs. In contrast,the laterally placed
ears or the female inﬂorescences have short branches, which aids
inbetterpackagingofseeds.However,thetasselsof ra3 plantshave
additionallongbranchesandtheearsproduceabnormallyshaped
long branches at their bases. The RA3 gene, which is expressed
in distinct domains delineating axillary inﬂorescence meristems,
has been shown to encode a TPP (Satoh-Nagasawa et al., 2006).
Genetic and molecular data indicate that RA3 regulates inﬂores-
cence branching by modiﬁcation of sugar signals possibly coordi-
natedbyT6P.RA3isafunctionalTPPenzymewhichactsupstream
of RA1transcriptionfactorintheRAMOSApathway,therebyreg-
ulating inﬂorescence development (Satoh-Nagasawa et al., 2006).
This study nicely indicates that T6P metabolism can inﬂuence
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a speciﬁc developmental pathway in plants such as inﬂorescence
architecture.
CONCLUSION AND PERSPECTIVE
The last few years have seen considerable progress in our under-
standing of T6P signaling as a central player in coordinating
metabolismwithgrowthanddevelopment.However,comparedto
other plant signaling pathways,our knowledge of T6P signaling is
stillrelativelysparse.Onereasonforthishasbeentheintricateand
tight connection between T6P signaling and other developmental
signaling pathways. Furthermore, uncovering the exact functions
of T6P with respect to speciﬁc physiological processes has proven
difﬁcult,asitispresentinplantcellsonlyinlowamounts.Another
obstacle has been that T6P is essential for plant development,
making the genetic analysis of the T6P signaling pathway rather
difﬁcult.However,latelymostof thesetechnicalhurdleshavebeen
overcome and we can now expect new approaches to unravel the
remaining mysteries behind T6P as a central regulator of plant
growth and development.
ACKNOWLEDGMENTS
This work was funded by the DFG grants SCHM1560/6-1 within
the framework of the Arabidopsis Functional Genomics Network
(AFGN) and SCHM1560/8-1.
REFERENCES
Acevedo-Hernández,G. J.,León,P.,and
Herrera-Estrella, L. R. (2005). Sugar
and ABA responsiveness of a min-
imal RBCS light-responsive unit is
mediated by direct binding of ABI4.
Plant J. 43, 506–519.
Avonce, N., Mendoza-Vargas, A.,
Morett, E., and Iturriaga, G.
(2006). Insights on the evolu-
tion of trehalose biosynthesis.
BMC Evol. Biol 6, 109. doi:
10.1186/1471-2148-6-109
Baena-González, E., Rolland, F.,
Thevelein, J. M., and Sheen, J.
(2007). A central integrator of
transcription networks in plant
stress and energy signalling. Nature
448, 938–942.
Blázquez, M. A., Santos, E., Flores, C.
L., Martínez-Zapater, J. M., Salinas,
J.,and Gancedo,C. (1998). Isolation
and molecular characterization of
the Arabidopsis TPS1 gene, encod-
ing trehalose-6-phosphate synthase.
Plant J. 13, 685–689.
Cabib, E., and Leloir, L. F. (1958). The
biosynthesis of trehalose Phosphate.
J. Biol. Chem. 231, 259–275.
Chary, S. N., Hicks, G. R., Choi, Y.
G., Carter, D., and Raikhel, N.
V. (2008). Trehalose-6-phosphate
synthase/phosphatase regulates cell
shape and plant architecture in Ara-
bidopsis. Plant Physiol. 146, 97–107.
Corbesier, L., Bernier, G., and Périlleux,
C. (2002). C:N ratio increases in the
phloem sap during ﬂoral transition
of the long-day plants sinapis alba
and Arabidopsis thaliana. Plant Cell
Physiol. 43, 684–688.
Corbesier, L., Lejeune, P., and Bernier,
G. (1998). The role of carbohy-
drates in the induction of ﬂowering
in Arabidopsis thaliana: comparison
between the wild type and a starch-
less mutant. Planta 206, 131–137.
Creelman,R.A.,andMullet,J.E.(1997).
Oligosaccharins, brassinolides, and
jasmonates: nontraditional regula-
tors of plant growth, development,
and gene expression. Plant Cell
Online 9, 1211–1223.
Debast, S., Nunes-Nesi, A., Hajirezaei,
M.-R., Hofmann, J., Sonnewald, U.,
Fernie, A. R., and Börnke, F. (2011).
Alteringtrehalose-6-phosphatecon-
tent in transgenic potato tubers
affects tuber growth and alters
responsiveness to hormones dur-
ing sprouting. Plant Physiol. 156,
1754–1771.
Delatte, T. L., Sedijani, P., Kondou, Y.,
Matsui, M., de Jong, G. J., Som-
sen, G. W., Wiese-Klinkenberg, A.,
Primavesi, L. F., Paul, M. J., and
Schluepmann, H. (2011). Growth
arrest by trehalose-6-phosphate: an
astonishingcaseof primarymetabo-
lite control over growth by way of
the SnRK1 signaling pathway. Plant
Physiol. 157, 160–174.
Eastmond, P. J., van Dijken, A. J.
H., Spielman, M., Kerr, A., Tissier,
A. F., Dickinson, H. G., Jones, J.
D. G., Smeekens, S. C., and Gra-
ham, I. A. (2002). Trehalose-6-
phosphate synthase 1, which catal-
yses the ﬁrst step in trehalose syn-
thesis, is essential for Arabidop-
sis embryo maturation. Plant J. 29,
225–235.
Elbein, A. D., Pan, Y. T., Pastuszak,
I., and Carroll, D. (2003). New
insights on trehalose: a multifunc-
tional molecule. Glycobiology 13,
17R–27R.
Fernandez, O., Béthencourt, L., Quero,
A., Sangwan, R. S., and Clément, C.
(2010). Trehalose and plant stress
responses:friendorfoe?TrendsPlant
Sci. 15, 409–417.
Gómez, L. D., Baud, S., Gilday, A.,
Li, Y., and Graham, I. A. (2006).
Delayed embryo development in
theARABIDOPSISTREHALOSE-6-
PHOSPHATESYNTHASE1mutant
is associated with altered cell wall
structure,decreasedcelldivisionand
starch accumulation. Plant J. 46,
69–84.
Gómez, L. D., Gilday, A., Feil, R.,
Lunn, J. E., and Graham, I. A.
(2010). AtTPS1-mediated trehalose
6-phosphatesynthesisisessentialfor
embryogenic and vegetative growth
and responsiveness to ABA in ger-
minating seeds and stomatal guard
cells. Plant J. 64, 1–13.
Habibur Rahman Pramanik, M., and
Imai, R. (2005). Functional identi-
ﬁcation of a trehalose 6-phosphate
phosphatase gene that is involved
in transient induction of trehalose
biosynthesis during chilling stress in
rice. Plant Mol. Biol. 58, 751–762.
Hanson, J., Hanssen, M., Wiese,
A., Hendriks, M. M. W. B., and
Smeekens, S. (2008). The sucrose
regulated transcription factor
bZIP11 affects amino acid metabo-
lism by regulating the expression of
ASPARAGINE SYNTHETASE1 and
proline dehydrogenase2. Plant J. 53,
935–949.
Harthill, J. E., Meek, S. E. M., Mor-
rice, N., Peggie, M. W., Borch,
J., Wong, B. H. C., and MacK-
intosh, C. (2006). Phosphorylation
and 14-3-3 binding of Arabidopsis
trehalose-phosphate synthase 5 in
response to 2-deoxyglucose. Plant J.
47, 211–223.
Jain,N.K.,andRoy,I.(2010).Trehalose
and protein stability. Curr. Protoc.
Protein Sci. Chapter 4, Unit 4.9.
Jossier, M., Bouly, J.-P., Meimoun, P.,
Arjmand, A., Lessard, P., Hawley, S.,
Grahame Hardie, D., and Thomas,
M. (2009). SnRK1 (SNF1-related
kinase 1) has a central role in sugar
and ABA signalling in Arabidopsis
thaliana. Plant J. 59, 316–328.
Kolbe,A.,Tiessen,A.,Schluepmann,H.,
Paul, M., Ulrich, S., and Geigen-
berger, P. (2005). Trehalose 6-
phosphate regulates starch synthesis
via posttranslational redox activa-
tion of ADP-glucose pyrophospho-
rylase. Proc. Natl. Acad. Sci. U.S.A.
102, 11118–11123.
Leyman, B., Van Dijck, P., and
Thevelein, J. M. (2001). An unex-
pected plethora of trehalose biosyn-
thesis genes in Arabidopsis thaliana.
Trends Plant Sci. 6, 510–513.
Lunn,J. E. (2007a). Compartmentation
in plant metabolism. J. Exp. Bot. 58,
35–47.
Lunn, J. E. (2007b). Gene families
and evolution of trehalose metabo-
lism in plants. Funct. Plant Biol. 34,
550–563.
Lunn, J. E., Feil, R., Hendriks, J.
H. M., Gibon, Y., Morcuende, R.,
Osuna, D., Scheible, W.-R., Carillo,
P., Hajirezaei, M.-R., and Stitt, M.
(2006). Sugar-induced increases in
trehalose6-phosphatearecorrelated
with redox activation of ADPglu-
cose pyrophosphorylase and higher
rates of starch synthesis in Ara-
bidopsis thaliana. Biochem. J. 397,
139.
Ma, J., Hanssen, M., Lundgren, K.,
Hernández, L., Delatte, T., Ehlert,
A., Liu, C.-M., Schluepmann,
H., Dröge-Laser, W., Moritz, T.,
Smeekens,S.,and Hanson,J. (2011).
The sucrose-regulated Arabidopsis
transcription factor bZIP11 repro-
grams metabolism and regulates
trehalose metabolism. New Phytol.
191, 733–745.
Márquez-Escalante, J. A., Figueroa-
Soto, C. G., and Valenzuela-Soto,
E. M. (2006). Isolation and par-
tial characterization of trehalose
6-phosphate synthase aggregates
from Selaginella lepidophylla plants.
Biochimie 88, 1505–1510.
Martínez-Barajas, E., Delatte, T.,
Schluepmann, H., de Jong, G. J.,
Somsen, G. W., Nunes, C., Pri-
mavesi, L. F., Coello, P., Mitchell,
R. A. C., and Paul, M. J. (2011).
Wheat grain development is char-
acterized by remarkable trehalose
6-phosphate accumulation pregrain
ﬁlling: tissue distribution and
relationshiptoSNF1-relatedprotein
kinase1 activity. Plant Physiol. 156,
373–381.
Meyer, R. C., Steinfath, M., Lisec,
J., Becher, M., Witucka-Wall, H.,
Törjék, O., Fiehn, O., Eckardt, Ä.,
Willmitzer, L., Selbig, J., and Alt-
mann, T. (2007). The metabolic
signature related to high plant
growth rate in Arabidopsis thaliana.
Proc. Natl. Acad. Sci. U.S.A. 104,
4759–4764.
www.frontiersin.org November 2011 | Volume 2 | Article 70 | 5Ponnu et al. Trehalose-6-phosphate signaling
Paul, M. J., Primavesi, L. F., Jhurreea,
D., and Zhang, Y. (2008). Trehalose
metabolism and signaling. Annu.
Rev. Plant Biol. 59, 417–441.
Pellny, T. K., Ghannoum, O., Conroy, J.
P., Schluepmann, H., Smeekens, S.,
Andralojc, J., Krause, K. P., Goddijn,
O., and Paul, M. J. (2004). Genetic
modiﬁcation of photosynthesis with
E. coli genes for trehalose synthesis.
Plant Biotechnol. J. 2, 71–82.
Polge, C., and Thomas, M. (2007).
SNF1/AMPK/SnRK1 kinases, global
regulators at the heart of energy
control? Trends Plant Sci. 12, 20–28.
Ramon, M., De Smet, I., Vandesteene,
L., Naudts, M., Leyman, B., Van
Dijck, P., Rolland, F., Beeckman, T.,
and Thevelein, J. M. (2009). Exten-
sive expression regulation and lack
of heterologous enzymatic activity
of the class II trehalose metab-
olism proteins from Arabidopsis
thaliana. Plant Cell Environ. 32,
1015–1032.
Roldán, M., Gómez-Mena, C., Ruiz-
García, L., Salinas, J., and Martínez-
Zapater, J. M. (1999). Sucrose avail-
ability on the aerial part of the plant
promotes morphogenesis and ﬂow-
ering of Arabidopsis in the dark.
Plant J. 20, 581–590.
Satoh-Nagasawa, N., Nagasawa, N.,
Malcomber, S., Sakai, H., and Jack-
son, D. (2006). A trehalose meta-
bolic enzyme controls inﬂorescence
architecture in maize. Nature 441,
227–230.
Schluepmann,H.,Pellny,T.,vanDijken,
A., Smeekens, S., and Paul, M.
(2003). Trehalose 6-phosphate is
indispensable for carbohydrate uti-
lization and growth in Arabidopsis
thaliana.Proc.Natl.Acad.Sci.U.S.A.
100, 6849–6854.
Schluepmann, H., van Dijken, A., Agh-
dasi, M., Wobbes, B., Paul, M.,
and Smeekens, S. (2004). Tre-
halose mediated growth inhibition
of Arabidopsis seedlings is due
to trehalose-6-phosphate accumula-
tion. Plant Physiol. 135, 879–890.
Shima, S., Matsui, H., Tahara, S.,
and Imai, R. (2007). Biochemical
characterization of rice trehalose-
6-phosphate phosphatases supports
distinctive functions of these plant
enzymes. FEBS J. 274, 1192–1201.
Van Dijck, P., Mascorro-Gallardo, J. O.,
De Bus, M., Royackers, K., Itur-
riaga, G., and Thevelein, J. M.
(2002). Truncation of Arabidop-
sis thaliana and Selaginella lepido-
phylla trehalose-6-phosphate syn-
thase unlocks high catalytic activity
andsupportshightrehaloselevelson
expression in yeast. Biochem. J. 366,
63–71.
van Dijken, A. J., Schluepmann, H.,
and Smeekens, S. C. M. (2004).
Arabidopsis trehalose-6-phosphate
synthase 1 is essential for nor-
mal vegetative growth and transi-
tion to ﬂowering. Plant Physiol. 135,
969–977.
Veluthambi, K., Mahadevan, S., and
Maheshwari, R. (1981). Trehalose
toxicity in cuscuta reﬂexa: correla-
tionwithlowtrehalaseactivity.Plant
Physiol. 68, 1369–1374.
Vogel, G., Aeschbacher, R. A., Müller,
J., Boller, T., and Wiemken, A.
(1998). Trehalose-6-phosphate
phosphatases from Arabidopsis
thaliana: identiﬁcation by func-
tional complementation of the yeast
tps2 mutant. Plant J. 13, 673–683.
Vogel, G., Fiehn, O., Jean-Richard-dit-
Bressel, L., Boller, T., Wiemken, A.,
Aeschbacher, R. A., and Wingler,
A. (2001). Trehalose metabolism in
Arabidopsis:occurrenceof trehalose
and molecular cloning and charac-
terization of trehalose-6-phosphate
synthasehomologues.J.Exp.Bot.52,
1817–1826.
Wingler, A., Fritzius, T., Wiemken,
A., Boller, T., and Aeschbacher,
R. A. (2000). Trehalose induces
theADP-glucosepyrophosphorylase
gene, ApL3, and starch synthesis
in Arabidopsis. Plant Physiol. 124,
105–114.
Wu, L., and Birch, R. G. (2010). Phys-
iological basis for enhanced sucrose
accumulation in an engineered sug-
arcane cell line. Funct. Plant Biol. 37,
1161–1174.
Zang, B., Li, H., Li, W., Deng, X.
W., and Wang, X. (2011). Analysis
of trehalose-6-phosphate synthase
(TPS) gene family suggests the for-
mation of TPS complexes in rice.
Plant Mol. Biol. 76, 507–522.
Zentella, R., Mascorro-Gallardo, J. O.,
Van Dijck, P., Folch-Mallol, J.,
Bonini, B., Van Vaeck, C., Gaxi-
ola, R., Covarrubias, A. A., Nieto-
Sotelo, J., Thevelein, J. M., and
Iturriaga, G. (1999). A Selaginella
lepidophylla trehalose-6-phosphate
synthase complements growth and
stress-tolerance defects in a yeast
tps1 mutant. Plant Physiol. 119,
1473–1482.
Zhang, Y., Primavesi, L. F., Jhurreea,
D., Andralojc, P. J., Mitchell, R. A.
C., Powers, S. J., Schluepmann, H.,
Delatte, T., Wingler, A., and Paul,
M. J. (2009). Inhibition of SNF1-
related protein kinase1 activity and
regulation of metabolic pathways by
trehalose-6-phosphate. Plant Phys-
iol. 149, 1860–1871.
Conﬂict of Interest Statement: The
authors declare that the research was
conducted in the absence of any
commercial or ﬁnancial relationships
that could be construed as a potential
conﬂict of interest.
Received: 31 August 2011; paper pending
published: 22 September 2011; accepted:
12 October 2011; published online: 04
November 2011.
Citation: Ponnu J, Wahl V and Schmid
M (2011) Trehalose-6-phosphate: con-
necting plant metabolism and devel-
opment. Front. Plant Sci. 2:70. doi:
10.3389/fpls.2011.00070
This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Plant Science.
Copyright © 2011 Ponnu, Wahl and
Schmid. This is an open-access arti-
cle subject to a non-exclusive license
between the authors and Frontiers Media
SA, which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and other Frontiers conditions are
complied with.
Frontiers in Plant Science | Plant Physiology November 2011 | Volume 2 | Article 70 | 6